Turkey poults were fed a vitamin D-deficient diet and examined for clinical signs and structural changes of bone and parathyroid glands. Vitamin D-deficient poults developed ricketic changes during days 10 to 14. Control poults (deficient diet plus vitamin D) did not develop rickets. In deficient poults, lengths of proliferating-prehypertrophied zones of growth plates increased significantly in the proximal tibiotarsus but were only slightly elongated in the distal tibiotarsus. Unmineralized hypertrophic chondrocyte zones increased in length rapidly in conjunction with a decrease in the length of mineralized hypertrophic degenerative zones; this occurred more rapidly in proximal than in distal tibiotarsus. Other ricketic changes included decreases in bone ash, total femoral bone ash (calcium, phosphorus, magnesium), bone length, and body weight. Plasma alkaline phosphatase was increased, calcium was normal, and phosphorus was normal or elevated. Parathyroids were hyperplastic and had foci of degeneration. Vitamin D, metabolites 250HD,, 1 ,25(OH),D3, and 24,25(OH),D, were rapidly depleted. Increase in bone ash Ca/P ratios in deficient poults suggests that phosphorus may be selectively released from ricketic bone. Low 250HD, and 1,25(OH),D, of control poults early in the experiment suggests that 1,400 IU of vitamin D3/kg of feed may not be an adequate level of vitamin D, for growing turkey poults.
Leg weakness in turkeys results in significant economic losses. In addition to the 4 to 6% of male turkeys that are culled or die from skeletal deformities, depressed weight gains and removal of deformed limbs at processing are i m p~r t a n t .~~.~' .~~.~~ Although part of the losses are due to infectious disease, noninfectious causes such as vitamin D deficiency are major contributors to skeletal d i s e a~e . ,~.~~ In conventional, lightrestricted confinement housing, turkeys receive insufficient quantities of vitamin D, via photolysis and must rely upon dietary supplement. Under these conditions, turkeys appear to be more vulnerable to low biopotent vitamin D, in their ration or interference with absorption of vitamin D, from their diet than chickens or other food-producing Pathologic changes of experimental and natural vitamin D-deficient rickets are well documented in chicken^,^.^,' 1,23,25,27 but there are few reports in turk e y~.~, ,~ Avian rickets primarily occurs in the first month of life during the most rapid skeletal Experimental avian rickets is characterized by lameness, retarded body growth, hypocalcemia, hypophosphatemia, elevated serum alkaline phosphatase, parathyroid hyperplasia, and severe bone distortion. Bone changes include elongation of epiphyseal growth plates, failure to mineralize cartilage and osteoid, decreased bone ash, fibrous osteodystrophy, and increased numbers of osteoclasts. The term "field rickets" in poults implies that some unidentified factor or causes other than nu-tritional deficiencies of calcium, phosphorus, or vitamin D, are responsible for reduced bone calcificat i~n .~' ,~~ In one report,21 field rickets was thought to be due to intestinal damage with secondary malabsorption and reduced calcium binding protein, but no direct evidence was provided that bioavailable vitamin D, was present in the ration.
The seco-steroid hormone vitamin D, and its metabolites promote normal skeletal development through their actions on bone, intestine, and kidney in concert with parathyroid and calcitonin hormones which maintain calcium and phosphorus homeostasis. Vitamin D, is hydroxylated by hepatocyte endoplasmic reticulum to 25-hydroxyvitamin D, (250HD,) and hydroxylated further to the biologically active form of 1,25-dihydroxyvitamin D, ( 1,25(OH),D,) and the less active 24,2 5 -dihydroxyvitamin D, (24,2 5 (OH),D,) by renal mitochondria 25(OH)D-1 -hydroxylase or 25(OH)D-24-hydroxylase enzyme systems. 16 .24,39 1,25dihydroxyvitamin D,, like other steroid hormones, imparts its bioactivity by interacting with receptors in intestine, bone, and kidney. 12~13,29,44 This activity can be expressed in increased blood calcium and phosphorus levels and is the result of enhanced calcium and phosphorus absorption from the intestine and calcium and phosphorus resorption from bone. l 6 This study was undertaken to characterize the temporal morphologic and clinical changes in experimental vitamin D-deficient growing turkey poults. We compared the qualitative differences between bones with different growth rates and charactenzed the effect of vitamin D deficiency on these differences. tarsus sections were divided into three equidistant measurement sites. Medial and lateral articular condyles of proximal tarsometatarsus and remaining distal tibiotarsus sections with central fibrocartilagenous regions were divided into two equidistant measurement sites at the condylar regions, providing
Materials and Methods
One-day-old male broad-breasted white turkey poults, obtained from a closed disease-free breeding flock, were divided into two equal groups and placed in battery brooders housed in separate windowless rooms lighted with soft incandescent lighting. Both groups were immediately fed a synthetic vitamin D-deficient diet (Tekland, Madison, WI diet, TD 8239 1) which contained 1.4% total calcium, 1.1% total phosphorus, and metabolizable energy of 3,260 kcal/kg. Group I poults received 0.1 ml corn oil, orally, in daily doses beginning at day 1. Group I1 (control) poults received vitamin D, delivered in 0.1 ml corn oil, orally, in daily doses. Daily doses of vitamin D, were increased weekly in group I1 poults so that each poult received 1,400 IU of vitamin D, per kilogram of predicted feed consumed. The predicted amount of feed consumed was based upon the predicted weekly feed consumption of commercial male
The daily poult dose of vitamin D, for days 1 to 7 was 0.5 pg, days 8 to 14 was 1.0 pg, and days 15 to 21 was 2.0 pg. Three poults at day 1 and three poults from each group were necropsied at each sampling time (days 3, 7, 10, 14, 17, 21) for a total of 39 poults.
The poults were weighed and exsanguinated by cardiac puncture. Hematocrit and plasma calcium, phosphorus, alkaline phosphatase, 250HD,, 1,25(OH),D,, and 24,25(OH),D, were determined as previously de-~c r i b e d .~O J~,~~ Femur, tibiotarsus, and tarsometatarsus bone lengths were measured with precision calipers. Thyroid-parathyroid-ultimobranchial-thymus complex (removed en bloc) and frontal plane sections of proximal and distal tibiotarsus and proximal tarsometatarsus were placed in 10% neutral buffered formalin. Fixed tissues were processed by routine paraffin techniques and 6 pm sections were cut. Undecalcified bone tissues were stained with hematoxylin and eosin (HE), von Kossa HE, periodic acid-Schiff alcian blue (PAS-AB), and Masson Goldner t r i c h r~m e .~~ Parathyroid glands were stained with HE, PAS-AB, and Wilder reticulum stain. Femoral bone ash percent was determined from dried fat-free bone obtained with a soxhlet extractor and washing for 24 hours in a 3 : 1 diethyl ether to ethanol solution. The ash was expressed as a percentage of the dried, fat-free bone weight. Total bone calcium, phosphorus, and magnesium levels were determined after dissolving the femoral bone ash with 10 ml of 20% hydrochloric acid. Levels were determined from the diluent as previously r e p~r t e d l~~~~ and recorded as total bone calcium, phosphorus, and magnesium (mg). a total of four measurement sites for each of these bones. Proliferating-prehypertrophied zones, unmineralized hypertrophied zones, mineralized hypertrophied degenerative zones, and metaphyseal marrow blood vessel lengths were sequentially measured following the long axis of each bone using these created sites. The proximal unmineralized hypertrophied zone began at the distal end of the proliferatingprehypertrophied zone where chondrocytic lacunae were rounded and lacked orderly column arrangement due to increased extracellular ground substance. The proximal mineralized hypertrophied degenerative zone began where von Kossa-stained mineral deposits first became evident, included metaphyseal primary spongiosa, and abruptly ended when the degenerate chondrocyte lacunae outline were The metaphyseal vessel lengths originated at the distal end of the mineralized hypertrophied degenerative zone and ended at the point of maximum penetration of the unmineralized hypertrophied zone. Total length was the sum of sequential length measurements of proliferating-prehypertrophied zone, unmineralized hypertrophied zone, and mineralized hypertrophied degenerative zone ( Fig. 6 , left-hand margin (i.e., day 7) of each section shows measurement site and measured zones). The chondroclast index was determined at 160 x at these same measurement sites. The total number of chondroclasts lining the perimeter of hypertrophic cartilage that was excavated by the most proximal metaphyseal capillary loops were counted. This figure was then divided by the same perimeter length (mm) from which chondroclasts were counted and recorded as the chondroclastic index at that measurement site. Data were recorded as mean for each individual bone and as an overall mean for each corresponding bone group and time period.
Epiphyseal blood vessels which penetrated the proliferating-prehypertrophied zone were counted. Metaphyseal blood vessels which penetrated deepest into unmineralizzd hypertrophied zone were used as a reference point; those blood vessels which penetrated to within one square of an eyepiece reticle (0.38 mm), set at the reference point, were counted and those branching within this range were counted as one.
Statistical analysis comprised means, standard deviation, and standard error. Individual and group mean measurements of bone parameter were analyzed by two tailed Student's t-test and analysis of
Results
Computerized histomorphometric measurements of bone stained with von Kossa-HE were made at 25 x magnification using a Leitz Orthoplan microscope fitted with a Leitz drawing tube in conjunction with a semi-automatic digitizing tab-Between days 3 to 7, vitamin ~-d~f i~i~~~ poults (group I) were depleted of detectable levels of endogenous 250HD3, 1 ,25(OH),D3, and 24,25(OH),D3 and let (Bio Quant 11 from R & M Biometric, Knoxville, TN). from day On ( p < Ooo5) differed from Length and perimeter measurements were made directly onto vitamin D3-treated poults (group 11) with elevated levels the tablet. A 1 cm x 1 cm eyepiece reticle was used for proper of alkaline PhosPhatase and decreased Percentage bone alignment and orientation of all histologic measurements. ash (Figs. 1, 2; Table 1 ). In group I1 poults, 250HD3 The articular surface width of the proximal and distal tibio-levels were also decreased t o low levels, and 1 ,25(OH),D3 levels remained depressed during the first 7 days; 24,25(OH),D3 was undetectable during days 10 to 14.
Clinical evidence of rickets developed rapidly during days 9 and 10; hocks were adducted so that poults walked with a waddle or hopping motion and required their wings when turning. Feed consumption markedly decreased after 10 days. Furthermore, at day 10, significant differences (P < 0.05) appeared between groups in body weight, bone length of the femur, tibiotarsus, and tarsometatarsus, and amount of bone ash calcium, phosphorus, magnesium, and calcium/phosphorus ratio. Hyperphosphatemia was marked, and calcium levels were slightly decreased, but normocalcemia prevailed throughout this experiment (Figs. 3, 4; Tables  1, 2) . At day 14, vitamin D-deficient poults were severely lame, had ruffled feathers, tended to sit on their haunches huddled under the heaters, and made little effort to avoid capture. By day 2 1, group I poults were severely lethargic and weak, and all remaining vitamin D-deficient poults not used in this experiment died by Mean ? SD of three poults per day. Asterisk at day 7 represents significant difference between groups ( P < 0.05) with remaining days also significantly different. Long bone, rib, and vertebrae osteopathy, found at necropsy of group I poults, developed rapidly and progressively increased in severity. At day 10, bone and beak softness, pliability, and ease of cutting was striking; also, focal petechial hemorrhages in proximal tibiotarsus growth plates laid in a background of slightly elongated metaphyseal white cartilagenous streaking. With time, cartilagenous elongation was the most prominent long bone change, but it did not result in a significant increase in metaphyseal and epiphyseal diameter or flaring ( Fig. 5 ). Costovertebral and costochondral junctions, first found at day 10, became nodular and the ribs were thickened, twisted, and distorted. Depleted adipose tissue, loss of muscle mass, cardiac serous atrophy, and pale fatty livers were present by day 2 1. The white nodular parathyroid glands of group I poults were more distinct but of similar size when directly compared to those of group 11; the parathyroids from deficient poults were considered enlarged only when the marked body size difference between the two groups was considered.
In group 11, histological changes and morphometric measurements were similar between the proximal tib- 
0 P < 0.05 between group I and group 11. 11 P < 0.01 between group I and group 11.
# P < 0.001 between group I and group 11. iotarsus and proximal tarsometatarsus, but corresponding distal tibiotarsus lengths were much less than the other two bones. The distal tibiotarsus occasionally showed a slightly different morphologic pattern from the other bones (Tables 2, 3) . Proliferating-prehypertrophied, mineralized hypertrophied degenerative zone, metaphyseal marrow blood vessel length, total growth plate length, and chondroclast index for group I1 increased over time, peaked at day 14, and then usually stabilized ( Tables 2, 3 ). The distal tibiotarsus was the one exception because it increased slightly to day 10 and then stabilized. Group I1 plasma alkaline phosphatase increased until day 14 and then decreased (Fig.  2 ). In all three bones, unmineralized hypertrophied zone length increased only slightly during days 10 to 17. The metaphyseal blood vascular marrow space was similar in length to the mineralized hypertrophied degenerative zone or slightly longer, i.e., 0 to 0.2 mm.
The metaphyseal marrow blood vessel never penetrated the proliferating-prehypertrophied zone; yet, in both groups eosinophilic streaks of flattened cells occasionally connected and directly aligned metaphyseal and epiphyseal capillaries (Fig. 6 ).
In group I, subtle histological evidence of rickets was first found at day 7; ricketic changes were severe by days 10 and 14, corresponding with the clinical signs of lameness. These changes varied markedly among age-matched poults, especially during days 10 to 14 (Tables 2, 3) ; the variation was not related to differences in total bone length or body weight. Histological changes and patterns in the proximal tibiotarsus and proximal tarsometatarsus were similar in the same poult. However, the distal tibiotarsus showed important differences from these two bones. Initially, lengths of proliferating-prehypertrophic zones were elongated in proximal tibiotarsus and proximal tarsometatarsus in deficient poults; the proliferating-prehypertrophied zone length continued to increase over time, but peaked at day 17 compared to day 14 for group 11. Proximal tibiotarsus lengths in deficient poults were significantly longer (P < 0.05) than proliferating-prehypertrophied lengths of controls when averaging days 3 to 2 1 and using ANOVA ( Table 2 ). Distal tibiotarsus proliferating-prehypertrophied zone length initially elongated in deficient poults, but this difference was not statistically significantcant (P > 0.05) when compared to appropriate distal tibiotarsus lengths in controls ( Table 3 ). The distal proliferating prehypertro- phied margin of vitamin D,-treated poults was regular and straight versus the irregular margin which began at day 10 in all three group I bones.
The proximal growth of the metaphyseal marrow blood vessel spaces was usually surrounded by a cap of hypertrophic chondrocytes and was usually a uniform distance from the proliferating-prehypertrophied zone (Figs. 6,7) . Another major ricketic change, which began at day 7, was the increase of the unmineralized hypertrophied zone-length followed with a reciprocal decrease in length of the mineralized hypertrophied degenerative zone so that by day 14, only patchy areas of mineralized hypertrophic chondrocytes remained in the primary spongiosa region ( Fig. 6; Tables 2, 3) . Sequentially, unmineralized hypertrophic cartilage columns became deviated, thickened, and lost their orderly progression to primary and secondary spongiosa. In the proximal tibiotarsus, focal necrosis and hemorrhage occurred in areas of most severely deviated cartilage columns; this change was present only on day 10 ( Fig. 8) . 11 P < 0.01 between group I and group 11. # P < 0.001 between group I and group 11. progressively thickened osteoid seams which lined hypertrophied cartilage columns and primary and secondary spongiosa. This change was present by day 10. By day 2 1, a band of newly-formed secondary trabeculae, subadjacent to the cartilage columns, was composed of solid sheets of osteoid and trapped osteocytes; yet, the remaining secondary trabeculae still retained a major portion of their mineral (Figs. 9, 10 ). During days 10 to 14, an increased number of osteoclasts or chondroclasts were noted within metaphyseal marrow spaces of the cartilage columns; the chondroclast index was increased but did not differ significantly (P > 0.05) between groups I and I1 during day 10. At days 14 to 2 1, numerous osteoclasts and chondroclasts were rounded and had distinct borders, non-vacuolated bright eosinophilic cytoplasm, and condensed hyperchromatic nuclei. In contrast, osteoclasts of controls had irregular cell borders and abundant light eosinophilic vacuolated cytoplasm. During days 10 to 17, sheets of increased numbers of plump spindle-shaped osteoblasts were found within the metaphyseal marrow space, lining the periosteum, and surrounding central fibrocartilagenous tendon attachment sites of the prox-imal tarsometatarsus and distal tibiotarsus. Compared to controls, metaphyseal marrow blood vessel spaces of deficient poults were larger and more branched. They were similar in length but decreased in total numbers ( Fig. 6; Tables 2, 3) . The total numbers of metaphyseal marrow blood vessel spaces in both group I and group I1 were quite variable, both between similar bones and different bones, with the distal tibiotarsus containing the greatest number followed with the proximal tarsometatarsus then the proximal tibiotarsus (Tables 2,  3) . By day 21, metaphyseal marrow spaces and diaphysis regions were markedly hypocellular and consisted primarily of loose spindle-shaped mesenchymal cells, vascular sinuses, a nonacid mucopolysaccharide ground substance, and sparse populations of erythroid and myeloid cells ( Fig. 9 ). In all three bones, an embryonic cartilage plug was resorbed by day 14 in controls but persisted in deficient poults until day 2 1 (Fig.  6 ). Within this sheet of cartilage, central mineralization occurred only where blood vessels had invaded. This form of hypertrophic cartilage mineralization and removal was much less prevalent in group I than in group 11. Distal tibiotarsus condylar and proximal tarsome- In deficient poults, patchy areas of mineralized hypertrophic chondrocytes could be found surrounding the most proximal metaphyseal blood vessels. This change was found only at day 21 (Fig. 6 ).
Additional histologic bony ricketic changes included
Parathyroids were single or double round lobes which were caudal to the thymus and thyroid glands. Delicately encapsulated, parathyroid glands usually incorporated an ultimobranchial body (delicate acni structures) within a medial notch or as a peripheral cap ( Figs. 1 1, 14) . Rarely, ultimobranchial bodies were found free. Pseudostratified columnar to flat epithelial lined ducts were found free in the serosa surrounding parathyroid and ultimobranchial bodies or located within the parenchyma of these organs.
Parathyroid chief cells of deficient poults were hyperplastic and, especially at days 10 to 14, tended to be organized and had palisades perpendicular to the delicate fibrovascular stroma as thin elongate spindleshaped cells. At the end of the experiment (days 17 to 2 l), vacuolar degeneration of hyperplastic chief cells was widespread ( Figs. 11-13 ). Lobular detail was slightly less distinct in the vitamin D-deficient group than found in controls. No obvious differences in numbers of mitotic figures or differences between ultimobranchial acni were detected between groups. Control chief cells were organized into distinct lobules and anastomosing cords (Figs. 14-1 6). Marked thymic atrophy was an ancillary finding at day 21 in vitamin D-deficient poults.
Discussion
Young growing poults have a greater sensitivity to mineral deficiency than young growing chick^.^,^,^^ In this study, rapid depletion of endogenous vitamin D, metabolites in deficient poults quickly led to severe rickets. Low levels of plasma vitamin D, metabolites in control poults during the first week were unusual18 and might have been due to partial failure of lipid absorption in young Retrograde flow of digesta, which is important for turkeys' total absorption of nutrients, might not be fully developed in young poults.22 Furthermore, if adequate vitamin D, is absorbed, hepatic vitamin D, 25-hydroxylase may not be adequate during this period.
The absence of 24,25(OH),D3 in plasma during days 10 to 14 in the control poults and elevated 1,25(OH),D, comer. Bottom row = vitamin D-deficient poults, equivalent necropsy day. E, epiphysis; P, proliferating-prehypertrophied zone; B, epiphyseal capillary; U, unmineralized hypertrophied zone; M, mineralized degenerating hypertrophied zone; V, metaphyseal marrow blood vessel length; epiphyseal-metaphyseal vascular streaking (arrowhead, day 14). In deficient poults, note elongated proliferating-prehypertrophied zone with irregular distal margin (arrow, day 10); reduced mineralization with increased amounts of unmineralized hypertrophic chondrocytes; patchy areas of mineralization (note more than 1 pm, days 14, 1 7); branching of metaphyseal blood vessels; mineralization surrounding proximal metaphyseal blood vessels (open arrow, day 21); central metaphyseal cartilage remnants (X, days 7, 10). Von Kossa-HE. Fig. 9 ) and vitamin D, repleted ( Fig. 10) poults, day 2 1. Fig. 9 . Wide osteoid seam along well-mineralized trabeculae and hypocellularity of marrow. Fig. 10 . Thin osteoid seam along well-mineralized trabeculae and highly cellular marrow. suggest that renal 24-hydroxylase is inhibited with subsequent maximum production of 1 ,25(OH)2D,. In this experiment, plasma levels of vitamin D, metabolites, obtained with individual oral dosing with 1,400 IU of vitamin D,/kg of feed, suggested that the National Research Council requirement of 900 IU of vitamin D3/ kg of feed may not be adequate for young poults on pre-starter diets; others a g~e e .~, .~~ This early predisposition to low plasma levels ofvitamin D, metabolites combined with gastrointestinal diseases, inadequate mixing of feeds, or vitamin D, of low biological availability may be responsible for a larger portion of the non-infectious causes of turkey leg weakness than previously thought. Differences noted between "field rickets" and nutritional vitamin D,-deficient ricke t~,~~,~~,~~,~~ might also be explained on this basis.
Selective bone loss of phosphorus might underlie the marked hyperphosphatemia during days 10 to 14 (Fig.  4) in deficient poults. This is supported by the significantly increased bone ash calcium phosphorus ratio ( Table 1 ). The ossification defect in avian rickets may be a phosphorus-related calcification defect that further prevents growth and interlocking of the apatite Marked hyperphosphatemia at day 10 may have been due in part to bone necrosis, cardiac muscle damage (during cardiac puncture), or hemolysis (caused by venipuncture and handling). The normal to slightly reduced levels of calcium and elevated levels of phosphorus in our experiment contrast with other findings of hypocalcemia and hypophosphatemia in avian r i c k e t~.~J l ,~~ However, gross and microscopic changes are similar to other descriptions of vitamin D-deficient avian r i~k e t s ;~' ,~~,~~ if the poults had lived longer than 25 days, they may have developed hypocalcemia and hypophosphatemia.
Ossification of hypertrophic chondrocytes adjacent to distal borders of proliferating-prehypertrophied zones ( Fig. 6-day 21) has also been reported in a case report of vitamin D-deficient This finding suggests, in light of parathyroid degeneration by day 21, that ossification of cartilage matrix in vitamin D-deficient growing poults may be possible if adequate phosphorus and calcium are supplied to bone.
In this study, the major boney changes of vitamin D deficiency occurred in the growth plate and metaphyseal regions, as reported by others. l 1,23,25,27 Bone lesions developed in a temporal sequence (which varied according to growth rate differences of individual Figure is number of chondroclasts/mm hypertrophied cartilage; represents chondroclasts lining hypertrophied cartilage perimeter of the most proximal portion ofthe metaphyseal marrow vascular space from three poults/treatment/day. * Figure is from three poults/treatment/day. bone), e.g., greater elongation of the proximal end of the tibiotarsus compared to the distal end is partly due to its faster growth This faster rate probably reflects the larger size of the normal proximal tibiotarsus proliferating-prehypertrophied zone. The growth rate of any particular bone has been reported to be determined by the size of its proliferative zone because the cellular proliferative rate, at least in mammals, is similar in different growth plates. 50 Early elongation of proliferating-prehypertrophied zones coincided with depletion of endogenous vitamin D, metabolites. The deficiency of vitamin D, or one of its metabolites, in addition to the growth rate effect, may also play a role in elongation of proliferatingprehypertrophied zone lengths. Chondrocyte metabolism in the zone of proliferation has been reported to be more affected by cholecalciferol than in other growth plate regions," and chondrocytes have been reported to hydroxylate 250HD, to 24,25(0H),D,.15 In contrast, the proliferating-prehypertrophied zone is lengthened in calcium-deprived chicks suggesting that this zone also depends upon adequate levels of calcium for maturation. 26 We postulate that metaphyseal capillaries or associated marrow space cells or products secreted by them may somehow induce differentiation of the proliferating-prehypertrophied zone chondrocytes into hypertrophic chondrocytes. This assumption is based on the morphologic appearance of hypertrophic chondrocytes usually surrounding metaphyseal capillaries in the irregular distal border of the proliferating-prehypertrophied zone. In addition, at day 2 1 the decreasing length of the proliferating-prehypertrophied zone is possibly associated with increased branching of the metaphyseal capillaries. This hypothesis would also support the theory that the increased length of the proliferatingprehypertrophied zone in avian rickets might be due to a delay in chondrocyte maturation and hypertrop h y . *~~~ The delayed maturation could also have partially contributed to the elongation of the proliferatingprehypertrophied zone in our study, especially if the cellular effects, which are discussed below, are considered. Furthermore, in this study, the statistically significant (P < 0.05) greater number of metaphyseal blood vessel spaces found in the vitamin D,-repleted poult bones was attributed to the larger size of the control poult bones and was not necessarily a biological phenomenon of vitamin D deficiency.
The continuous growth of group I proximal tibiotarsus proliferating-prehypertrophied zone until day 17 and subsequent rapid decrease in length compared to the peak at day 14 in the control poults emphasizes that multiple time periods need to be morphologically evaluated or invalid conclusions concerning the osseous changes associated with vitamin D-deficient rickets might be made from single examinations. In addition, the decreased length of the proliferating-prehypertrophied zone on day 21 in deficient poults may not be a specific vitamin D-deficient change but may represent metabolic consequences of malnutrition or other physiologic processes associated with vitamin D deficiency. The cause of group I1 proximal tibiotarsus and proximal tarsometatarsus steady increase in growth plate length measurements until day 14 is not known; however, these changes may be environmentally induced because the poults were housed in the brooder until day 14 and then released into a room with concrete floors.
Rapid accumulation of metaphyseal unmineralized hypertrophic chondrocytes was one morphological hallmark of rickets in our study. We could not determine if this change was due only to maturation of proliferating chondrocytes into hypertrophic chondrocytes lacking mineral or to loss of mineral. Because this change occurred at different rates between the proximal tibiotarsus and distal tibiotarsus and with parathyroid hyperplasia and normocalcemia, we assumed that both processes are operative. The lack of artery. Atrophic thymus (arrow), duct space (arrowhead). adjacent to carotid artery (a) and cranial lobe of parathyroid. Note duct space (arrowhead).
(P).
chondrocyte and matrix resorption may also be important for this process. The cause of the disproportionate loss of mineral from the growth plate but apparent minimal loss from the metaphyseal secondary trabeculae and endosteal trabeculae was not determined from this experiment. There may be differences in the nature of mineral deposited in growth plate with bushite, amorphous CaPO, or octacalcium-phosphate2x4' versus the more resorption-resistant hydroxyapatite in the secondary trabeculae. The layer of unmineralized osteoid lining the secondary trabeculae may also prevent osteoclast r e s~r p t i o n .~~ Persistence of the small metaphyseal and diaphyseal cone of hypertrophic chondrocytes and abundant accumulation of unmineralized hypertrophic chondrocytes in large irregular trabeculae in deficient poults indicated that this form of chondrocytes and matrix may be resistant to chondroclastic resorption. This resistance may be due to the masking of chemotactic matrix material2* with a layer of osteoid which might decrease the number of regional monocytes or affect their further differentiation into osteoclasts or chondroclasts. 14,31 However, the chondroclastic index did not show a decrease in chondroclasts. The unminer-alized osteoid layer could have reduced osteoclast or the osteoclasts could have been inactivated due to parathyroid exhaustion. This defect may be due to a direct deficiency of vitamin D or one of its metabolites in its role of stimulating monocyte differentiation's6 or as a metabolite for osteoblasts.20 Undifferentiated spindle-shaped cells found in increased numbers in marrow spaces of deficient poults may be directly caused by vitamin D deficiency. The presence of these cells and a lack of secretory products or other mechanisms might then affect differentiation of proliferating-prehypertrophied chondrocytes.
